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Cobalt chloride and desferrioxamine antagonize the inhibition of
erythropoietin production by reactive oxygen species. We have recently
proposed a H202-generating b-type cytochrome as part of the cellular
oxygen sensor that controls 02-depcndent erythropoietin (Epo) produc-
tion in the human hepatocellular carcinoma cell line HcpG2. H202 could
act as an intracellular signaling molecule because its production in HepG2
cells is strictly dependent on the pericellular P02. High cellular levels of
H2O2 inhibit hypoxia-induced Epo production while low levels—as under
hypoxic conditions—allow full expression of the Epo gene. Since cobalt
chloride (CoCl2) and the iron chelator desferrioxamine (DSF) both mimic
the hypoxic induction of Epo production we studied the influence of CoCl2
and DSF on the formation and on the action of reactive 02-species with
respect to Epo production. Both chemicals reduced the H202-dependent
123-dihydrorhodamine fluorescence in HepG2 cells. The inhibition of Epo
production by exogenous H202 was completely antagonized by DSF. This
might indicate that H202 exerts its inhibition through a Fenton type
reaction. On the other hand, NADPH and pyrogallol which stimulate the
production of 02 inhibited Epo production. CoC12 antagonized their
effects. From our results we propose different sites of interaction with the
putative signaling chain for DSF and CoCI2. While DSF appears to reduce
the action of the H202 molecule, CoCl2 might act further upstream
through the induction of H202-scavenger systems or by interfering with its
production.
The oxygen dependent expression of the gene encoding for
erythropoietin (Epo), the principal regulatory hormone of eryth-
ropoieses, is well established [1]. Major progress has been made in
the understanding of the hypoxia induced increase of gene
expression (and subsequent protein production) by identification
of the enhancer of the Epo gene [2, 3J. Recently the two DNA
binding subunits of the transactivating complex of proteins,
designated hypoxia inducible factor (HIF)-1, have been identified
[4]. Since binding sites for 1-hF-i have been recognized in a
number of hypoxia-inducible genes, it is believed that HIF-1 may
play the central role of a ubiquitous hypoxia-inducible transcrip-
tion stimulating machinery [5, 61. However, the understanding of
the cellular oxygen sensor, a structure that recognizes changes in
the cells' ambient P02 and transduces a signal to the nucleus to
regulate transcription, is still incomplete.
The 02 binding part of the sensor appears to be a heme protein
[7, 8]. Recent studies have focussed on a b-type cytochrome that
displays similarities with the NADPH oxidase from phagocytes
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which catalyzes the production of hydrogen peroxide [9]. Epo
producing HepG2 cells contain a similar b-cytochrome. Hydrogen
peroxide (H202) has been proposed as a potential signaling
molecule between the 02 sensor and the transcriptional machin-
ery. Fandrey, Frede and Jelkmann [10] have found that HepG2
cells produce H202 depending on their pericellular PU2. At
normoxia (P02 = 143 mm Hg) H202 production was maximal,
steadily decreased when the P02 was lowered, and reached its
minimum at a P02 of around 20 mm Hg. The addition of
exogenous H202 to hypoxic cells decreased their Epo production
rate. In contrast, scavenging of H202 under normoxic conditions
stimulated Epo production, thus mimicking a state of hypoxia.
From these findings the hypothesis was put forward that high
cellular levels of H202 under normoxia suppress Epo production
whereas low levels under hypoxia give way to full Epo gene
expression [10]. Two chemicals, cobalt chloride (CoCl2) and
desferrioxamine (DSF) have been found to mimic the hypoxia-
induced expression of the Epo gene. Interestingly, both sub-
stances increase HIF-1 binding to its respective DNA stretch in
the enhancer element that is thought to be responsible for
hypoxia-induced transcription of many genes [6]. It was, therefore,
proposed that CoCI2 and DSF might interfere with the mecha-
nism of oxygen sensing and/or the subsequent signaling pathway
in order to mimic hypoxic induction of oxygen regulated genes
[11].
The purpose of the current study was to investigate influences
of CoCl2 and DSF on the production and the effects of reactive
oxygen species that might act as signaling molecules in the 02
dependent production of Epo in HepG2 cells.
Methods
Cell cultures and incubations
HepG2 cells from the American Type Culture Collection
(ATCC No. I-lB 8065) were maintained in medium RPMI 1640
(Bochringer Ingelheim Bioproducts, Heidelberg, Germany) sup-
plemented with 10% fetal bovine serum (Boehringer Ingeiheim
Bioproducts) and sodium bicarbonate (2.2 g/liter) in a humidified
atmosphere (5% CO2 in air) at 37°C (Heraeus Incubators, Hanau,
Germany). Monolayers of the cells were grown to confluence in
24-well or 96-well polystyrene dishes (Sarstedt, Nuertingen, Ger-
many) resulting in a density of 5 x i0 cells/cm2 at the beginning
of the experiments. The medium (0.5 mI/cm2) was renewed 24
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Fig. 1. Treatment with cobalt chloride (CoCI2) and desfrrrioxamine (DSF)
for 24 hours lowers cellular levels of H202 measured as 123-dihydrorhodam-
inc (DHR) fluorescence in HepG2 cells. H202-dependent fluorescence of
untreated control cultures was set at 100%. Fluorescence signals from
treated cells are given as per cent of the controls. The numbers at the
bottom of the columns indicate how many separate culture dips of 96-well
plates were evaluated for each group of treatment. Levels of significance
for differences between mean values SD from untreated controls and
treated cultures are P < 0.05 and ** < 0.01 (Dunnett's test).
hours before the experiment. Incubation conditions of normoxia
and moderate or severe hypoxia were established exactly as
recently described [12].
Measurement of secreted eythropoietin
For the determination of Epo protein the medium was collected
and frozen at —20°C. Epo concentration in the supernantant was
measured by radioimmunoassay as reported earlier [8]. The cell
layer was washed with phosphate buffered saline and lysed with
SDS-NaOH (5 g/liter sodium dodecylsulfate in 0.1 M NaOH).
Total cellular protein was determined according to the method of
Lowiy et al [13] using a micro determination kit (Sigma Diagnos-
tics, Taufkirchen, Germany).
Measurement of cellular H202 levels
HepG2 cell were cultured in 96-well plates without (controls) or
with CoCI2 (50 and 100 tiM) or DSF (150 ELM) for 24 hours. Cells
were then washed with phosphate buffered saline (PBS, pH 7.4)
and loaded with 123-dihydrorhodamine (25 Molecular
Probes, Eugene, OR, USA) for 30 minutes in the presence of the
agonists. After extensive washing fluorescence was read in a
Fluoroscan microplate reader (Flow Laboratories, Meckenheim,
Germany; excitation wavelength 488 nm, emission at 570 nm).
H202 elicited fluorescence of 123-dihydrorhodamine is given in
percent related to untreated control cultures.
('hemicals
All chemicals were purchased from Sigma (Sigma Chemicals,
Munich, Germany).
Results
In normoxic HepG2 cultures (pericellular P02 around 143 mm
Hg) CoCI2 and DSF added to the culture medium for 24 hours
reduced the H202 dependent I 23-dihydrorhodamine fluorescence
(Fig. 1). Doubling the concentration of CoCl2 from 50 to 100 /.LM
DSF CoCI2
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Fig. 2. Etythropoietin production in HepG2 cells incubated for 24 hours
under normoxic conditions (pericellular P02 around 143 mm Hg) without
(Control) or with cobalt chloride (CoCl /00 ILM), desfrrrioxamine (DSP;
/50 M) or a combination of both. Levels of significance for differences
between mean values so from untreated controls and treated cultures
are *p < 0.05 and ** < 0.01 with N = 4 to 6 separate cultures per column
(Dunnett's test).
further reduced the fluorescence signal. In parallel cultures in
24-well plates under normoxic conditions CoCl2 and DSF signif-
icantly stimulated Epo production during a 24-hour incubation
period but were not additive (Fig. 2). During a 24-hour hypoxic
incubation (PU2 < 1 mm Hg) CoCl2 (100 M) did not stimulate
Epo production while DSF was marginally effective (Controls,
339 72; CoCI2, 345 77; DSF, 422 55; N = 4 each). Under
incubation conditions of moderate hypoxia (P02 around 50 mm
Hg) DSF at a much lower dosis of 50 ILM and the iron chelator
2,2-dipyridyl (500 tM) were very effective stimulators of Epo
production which reached levels otherwise only seen in severely
hypoxic HepG2 cells (Fig. 3). It is of note that under severe
hypoxia the copper/iron chelator 1,10-phenanthroline (50 xM) was
the strongest stimulator of Epo synthesis (Fig. 3). In a following
series of experiments the effect of different concentrations of iron
in the culture medium was studied (Fig. 4). Under normoxic (not
shown) and hypoxic (Fig. 4) control conditions the production
rate of Epo in medium containing 6.41 mg/liter iron was slightly
but not significantly lower than in medium containing 1.82 mgI
liter iron. DSF was only in low iron containing medium effective in
stimulating Epo production under hypoxic conditions. The addi-
tion of exogenous H202 (250 jiM) inhibited the hypoxia-induced
Epo production, as it has already been shown earlier [10]. DSF
was able to antagonize this inhibition but only in low iron
containing medium (Fig. 4).
To test whether hydroxyl radicals derived from H202 are
responsible for the inhibitory effect of H202 two scavengers of
0H, di- and tetramethylthiourea, were used. Both substances
were efficient antagonists of the H202-induced inhibition of Epo
production (Fig. 5).
To study the effects of intracellularly generated reactive oxygen
species NADPH (100 jiM) was added to HepG2 cultures. NADPH
has been found to generate °2 [14] which is converted to H202
by superoxide dismutase. NADPH caused a significant inhibition
of hypoxia-induced Epo production which was antagonized by the
addition of DSF (Fig. 6). To test whether CoCl2 was equally
effective in compensating a shift of the cellular redox state towards
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Fig. 3. Eiythropoietin production in HepG2 cells incubated under hypoxic
(Hox conditions without or with 1, 10-phenanthroline (1, 10-Phen; 50 .tM) or
under moderately hypoxic (ModHox; pericellular P02 around 50 mm Hg)
conditions without or with 2,2-dipyridyl (2,2-Dipyr; 500 p.tvz) or desferriox-
amine (DSP; 50 jiM) for 24 hours. The level of significance for differences
between mean values SD from untreated controls and treated cultures is
**p < 0.01 with N = 4 separate cultures per column (Dunnett's test).
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Fig. 4. Effects of desferrioxamine (DSF; 150 jiM) and H,0, (250 jiM) and
a combination of both on the hypoxia-induced eythropoietin production in
HepG2 cells incubated with culture media containing thjfrrent iron concen-
trations. Mean values SD of 4 to 6 separate cultures from a 24-hour
incubation period are shown. Symbols are: () Fe2 1.82 mg/liter; ()
Fe2 6.41 mg/liter. The levels of significance for differences between
untreated controls and treated cultures are *P < 0.05, < 0.01 and
#P < 0.05 for the comparison of DSF- and H,02-treatment versus
H,O,-treatment alone (Tukey-Kramer's test).
a more oxidized state pyrogallol, another 02-generating sub-
stance was used. Pyrogallol (1 mM) inhibited hypoxia-induced Epo
synthesis; CoCl, significantly reduced this inhibition, although by
itself it did not stimulate hypoxia-induced Epo production in this
set of experiments (Fig. 7).
Discussion
Reactive oxygen species (R0S) have been recognized as intra-
cellular signaling molecules [15]. Although ROS at high cellular
concentrations are toxic they may be beneficial or indispensable at
low concentrations. We have recently reported that the human
hepatocellular carcinoma cell line HepG2 produces H,02 de-
400
0.
300
200
ci)
000
100>
uJ
0
Fig. 5. Dimethylthiourea (DMTU; 3 mxt) and tetramethyithiourea (TMTU;
3 mM) can antagonize the H,0, (250 jiM)-dependent inhibition of hypoxia-
induced eiythropoietin production in HepG2 cells. Mean values so of 4
separate cultures from a 24-hour incubation period are shown. The levels
of significance for differences between untreated controls and treated
cultures are **p < 0.01 and #P < 0.05 for the comparison of DMTU- or
TMTU- and H,02-treatment versus H202-treatment alone (Tukey-Kram-
er's test).
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Fig. 6. The inhibition of hypoxia-induced eiythropoietin production in
HepG2 cell,s by exogenous NADPH (100 p.M) is abrogated by coincubation of
NADPH (100 jiM) and desferrioxamine (DSF; 150 jiM). Mean values su
of 4 separate cultures from a 24-hour incubation period are shown. The
levels of significance for differences between untreated controls and
treated cultures are P < 0.05 and #P < 0.05 for the comparison of DSF-
and NADPH-treatment versus NADPII-treatment alone (Tukey-Kram-
er's test).
pending on the pericellular P0,. We have, therefore, proposed
H202 as a candidate signaling molecule between the cellular
oxygen sensor and the transcription apparatus. In HepG2 cells
hypoxia increases erythropoietin (Epo) gene expression. The
highest Epo mRNA levels and secreted protein in the culture
supernatant were found at P02 values where H20, production
was lowest [101. Since the addition of exogenous H202 to hypoxic
cells inhibited Epo gene expression it was proposed that H20,
Hox Hox ModHox ModHox ModHox
1,1-Phen 2,2-Dipyr DSF Control H202 H202 H202
DMTU TMTU
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Fig. 7. The inhibition of hypoxia-induced eiythropoietin production in
HepG2 cells by the 02—-liberating pyrogallol (Pyro; 1 mM is reduced by
coincubation of Pyro (1 mM) and cobalt chloride (Cod2; 100 pM). Mean
values SD of 4 separate cultures from a 24 hours incubation period are
shown. The levels of significance for differences between untreated
controls and treated cultures are **p < 0.01 and ##P < 0.01 for the
comparison of Pyro- and CoCI2-treatment versus Pyro-treatment alone
(Tukey-Kramcr's test).
suppresses Epo synthesis under normoxic conditions. Epo synthe-
sis is activated in hypoxia when very little H202 is produced.
Because the H202 molecule is small, stable and carries no charge
which makes it freely cross cellular membranes, it appears to be
very suitable as a signaling molecule [151.
Two chemicals, cobalt chloride and the iron chelator desferri-
oxamine (DSF), are known to mimic the hypoxia-induced expres-
sion of the Epo gene. Since we propose H202 as a messenger
between the oxygen sensor and the Epo gene we have studied
possible interactions of CoCI2 and DSF with H202 with respect to
Epo production. As shown in Figure 1, both substances lowered
the H202 dependent fluoresence of 123-dihydrorhodamine in
HepG2 cells. Therefore, the stimulation of Epo production by
CoC12 and DSF may be accomplished by either reducing the
production or scavenging of the inhibitory signal from the oxygen
sensor. Although both substances lowered the cellular content of
the putative inhibitory signaling molecule, CoCI2 and DSF were
not additive in their stimulating capacity (Fig. 2). In addition,
recent spectrophotometric analyses revealed a marked difference
for the two substances: while CoCl2 caused changes in the spectra
of HepG2 spheroids at wavelengths around 558nm (the region of
the b-cytochrome), DSF was without effect [14]. Therefore, one
has to consider different points of the signaling chain where CoCI2
and DSF exert their effects.
If DSF did not affect the cytochromes it could possibly interfere
with reactions of ROS within the cell. Interestingly, two other iron
chelators, 2,2-dipyridyl and 1,10-phenanthroline, acted similarly in
stimulating Epo production (Fig. 3) and antagonized the H202
dependent inhibition (data not shown). In particular, 1,10-
phenanthroline has been implicated with oxygen sensing since it
was able to mimic the hypoxic response of neurons in the
neocortex and the substantia nigra [161. Common to all these
substances that stimulated Epo production under normoxic con-
ditions and antagonized the H202 dependent inhibition is their
capacity to chelate free iron. Since iron is necessary for the
decomposition of H202 to Off, the Fenton reaction, iron could
be critically involved in the mode of action of H202. To test for
the role of iron in oxygen dependent signaling we used culture
medium with a low or high iron concentration. Indeed, the
moderate difference in iron content caused detectable although
not statistically significant differences in the Epo production rate.
However, DSF could only overcome the H202-dependent inhibi-
tion in low iron containing medium (Fig. 4).
Therefore, one possible mode of action of the iron chelators in
preventing the H202 induced inhibition would be interference
with the Fenton reaction. Mimicking hypoxic induction by DSF
would thus be achieved by antagonizing the action of endog-
enously produced H202 under normoxic conditions. A similar
mechanisms of action is proposed for the generation of the
fluorescence signal from 123-dihydrorhodamine [14].
Hence, the biochemically active molecule generated from H202
would then be OH. However, H202 probably remains the key
signaling molecule that travels through the cell since OH indis-
criminately reacts with most components within the cell and has
only a very low diffusion radius [15]. 0H could be generated
locally at iron containing cellular sites and exert its actions on
proteins, possibly transcription factors. To support the notion that
H202 has to be converted to 0H in an iron-dependent reaction
the effects of two scavengers of 0H, di- and tetra-methylthiourea,
were investigated. Both substances are cell permeable and have
been found to reduce the effects of hydroxyl radicals in several
other cell systems [17, 18]. Di- and tetramethyithiourea were able
to antagonize the H202-dependent inhibition (Fig. 5), supporting
the notion that H202 is converted in an iron dependent reaction
to yield OH which is the reactive molecule.
Since CoCl2 is also able to mimic hypoxic induction of the Epo
gene, but causes spectral changes in HepG2 spheroids [14] we
thought of a possible role further upstream in the signaling
cascade, that is, possibly in the generation of 02 by the b-
cytochrome. Measurements of 02 production in HepG2 cells
revealed stimulation of 02-production by NADPH and and
NADH [14]. Pyrolgallol, which also generates 02, NADPH and
NADH (not shown), inhibited hypoxia-induced Epo production
(Figs. 6 and 7). Indeed, CoCl2 could reduce the inhibitory effect
on Epo synthesis to a degree that the production rate was no
longer statistically lower than in control cultures (Fig. 6). A similar
antagonism was observed for NADPH and CoO2. These findings
are in line with our hypothesis that CoCl2 acts further upstream
than DSF in the signaling cascade. The reversal of the reduction
of Epo synthesis by O2 -generator NADPH through coincubation
with DSF supports the notion that 02 is converted to H202
through superoxide dismutase. Therefore, the inhibition of Epo
production by 02 appears to be conferred through a Fenton-type
reaction as well.
An elegant way to circumvent the effect of CoCl2 would be to
inhibit CoC12-induced Epo production with H202. Since we
postulate that CoCl2 acts upstream of H202 no antagonism would
be expected. In a preliminary set of experiments, however, CoO2
reduced the inhibition of H202. However, CoCl2 appears to affect
the cellular redox state at multiple sites probably best recognized
by its interaction with the cytochrome P45() system [19]. In
addition, CoC12 stimulates the activity of glutathion peroxidase,
which is one important intracellular scavenger system for H202
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[14]. HepG2 cells depleted of glutathion have been found more
susceptible to the H202-dependent inhibition of hypoxia-induced
Epo production [10].
In conclusion, we have found antagonistic effects of reactive
oxygen species that might act as intracellular messenger molecules
and two chemicals known to mimic the hypoxia-induced expres-
sion of the Epo gene. From our results of the spectral analysis of
HepG2 spheroids [14] and the effects on Epo production in
HepG2 monolayers we propose the interaction of CoCl2 and DSF
at distant sites in the signaling cascade of the putative cellular
oxygen sensor. While CoCl2 lowers the cellular level of H202
(through enhanced scavenging or reduced production), DSF
antagonizes the action of H202 by chelating iron necessary to
generate 0H in a Fenton-type reaction.
Reprint requests to Joachim Fandrey, M.D., Physiologisches Institut,
Universitat Bonn, Nussallee ii, D-53 115 Bonn, Germany.
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